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Abstract. The diversity and Multiple Input Multiple Output
(MIMO) performance provided by common phase center
multi element antenna (CPCMEA) systems is evaluated
using two practical methods which make use of the realized
active element antenna patterns. These patterns include
both the impact of the mutual coupling and the mismatch
power loss at antenna ports. As a case study, two and four
printed Inverted F Antenna (IFA) systems are evaluated by
means of Effective Diversity Gain (EDG) and Capacity (C).
EDG is measured in terms of the signal-to-noise ratio
(SNR) enhancement at a specific outage probability and in
terms of the SNR reduction for achieving a desired average
bit error rate (BER). The concept of receive antenna selection in MIMO systems is also investigated and the simulation results show a 43% improvement in the 1% outage C
of a reconfigurable 2x2 MIMO system over a fixed 2x2
one.
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1. Introduction
The need for more robust communication links and
increased data rates are issues of primary importance for
nowadays wireless communications systems. Diversity and
Multiple Input Multiple Output (MIMO) systems, formed
using multi-element antennas (MEA), can be used as
a remedy for these issues, owing to their ability to both
combat and exploit multipath fading. A need in many
nowadays MEA designs is to integrate the antenna elements onto compact terminal devices e.g. [1]-[5]. A MEA
system, designed for such devices, comprises coupled
antenna elements which share the same ground plane. As
a result when one element is excited the whole device (including the non-excited elements) contributes to the quality
and quantity of radiation. Hence, for this type of MEA,
a common phase center, defined at the origin of the array
coordinate system, should be used for all antenna elements

[6]. Hereafter, this kind of MEA systems is called common
phase center MEA (CPCMEA).
Computational methods for evaluating the diversity
and MIMO performance of CPCMEA would be very attractive since they avoid the expensive measurement approach [5], [7] and offer a convenient way to compare
different antenna designs. Regarding diversity systems,
a simple and practical method for evaluating the Effective
Diversity Gain (EDG) of CPCMEA is presented in [8] for
the special case of 2-port antennas letting the general case
for M-port antennas unaddressed. On the other hand, justified models for Capacity (C) evaluation e.g. [9], [10] in
their present form apply only for arrays comprising elements with different phase centers. Moreover these models
are impractical since they require a large number of statistical input parameters, most of which can only be obtained
by measurements or extended ray-tracing simulations.
Alternatively, it has been proved in [11], [12] that even
a simple single-bounce propagation model can provide
sufficiently accurate capacity estimation if the antenna
properties are treated properly.
In this study, two simple and practical methods for
evaluating the receiving diversity and MIMO performance
of CPCMEA are presented. Diversity performance is
evaluated under the maximum ratio combining (MRC)
scheme using a practical method that utilizes the complex
correlation coefficient (ρ) and the mean effective gains
(MEG) [13] of the M-port CPCMEA. This method is the
generalization of that presented in [8], which applies only
for 2-port CPCMEA systems. MIMO performance on the
other hand is evaluated using a generic MIMO model [10],
which is simplified under a single bounce propagation
scenario and modified to apply for CPCMEA. This model
is then applied to quantify the performance of both fixed
and reconfigurable MIMO systems formed under the concept of antenna selection [14]. Both methods use the realized (i.e. mismatch power losses are included) active (i.e.
mutual coupling is implicitly included [6]) antenna element
patterns.
The paper is organized as follows. Section 2 provides
the description of the practical methods for evaluating the
diversity and MIMO performance of CPCMEA systems. In
Section 3 the description of the investigated two and four
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printed inverted F antenna (IFA) structures, sharing the
same ground plane, is presented. The simulated diversity
and MIMO performance results are presented and discussed in Section 4. The noteworthy remarks of this study
are summarized in Section 5.

2. Evaluating the Performance of
Common Phase Center MEA

M

The methods for diversity and MIMO performance
evaluation of CPCMEA are presented in this section. The
diversity performance is evaluated under the MRC scheme
by means of the achieved EDG in terms of a) the signal-tonoise ratio (SNR) enhancement at a specific outage probability and b) the SNR reduction for achieving a desired
average BER. The MIMO system performance is evaluated
by means of its Capacity (C) assuming no channel state
information (CSI) at the transmitter.

2.1 Diversity Performance Evaluation
Both the MEG of each antenna element and the
complex correlation coefficients (ρ) between their received
signals have been used extensively for diversity
performance evaluation. MEGm is defined as the ratio of
the average power received at the mth port of an M-port
antenna system over the mean incident power on the
antenna system and can be calculated by [13]

1
⎛ X
⎞
MEGm = ∫ ⎜
Gθm Pθ +
Gϕm Pϕ ⎟dΩ
X +1
⎝ X +1
⎠

(1)

where X is the cross polarization discrimination, Gθ and Gφ
are the θ and φ polarized components of the antennas’
realized active power gain patterns and Pθ, Pφ are, respectively, the θ and φ components of the angular density functions of the incoming plane waves. The complex correlation coefficient between the signals at the mth and nth ports
can be calculated by [13]

ρ nm =

∫ (X ⋅ Eθ Eθ
n

*
m

)

Pθ + Eϕn Eϕm * Pϕ dΩ

∫ (X ⋅ Gθ Pθ + Gϕ Pϕ )dΩ ∫ (X ⋅ Gθ
n

n

P + Gϕm Pϕ )dΩ

(2)

m θ

where Eθ and Eφ are the realized active electric field
patterns of the antennas calculated by

Eθ / ϕ = Gθ / ϕ e

jψ θ / ϕ

(3)

where ψθ/φ are the phase antenna patterns [15, p. 800].
An ultimate metric for the performance of a diversity
system is the effective diversity gain (EDG). EDG when
defined as the SNR enhancement at a specific outage probability level p% [7] is expressed mathematically by

x
EDG = 1
x2

(4)
P (γ D ≤ x1 )= P (γ 0 ≤ x2 )= p %

where γD and γ0 are the instantaneous SNRs received by the
diversity CPCMEA and an ideal dual-polarized isotropic
radiator with unit radiation efficiency [8] which operates in
the same propagation environment capturing thus all the
available incident power. Assuming a rich scattering environment without a line of sight component, the cumulative
density function (CDF) of γ0 follows the Rayleigh distribution, whiles the CDF of γD follows the distribution for
MRC signals [16, p. 364]:

P(γ D ≤ x ) = 1 − ∑
m =1

λMm −1 exp(− x / λm )
M

∏ (λ
n≠ m

m

(5)

− λn )

where λm are the eigenvalues of the SNR covariance matrix
Λ defined by

λnm = Γ 0 ρ nm MEGn MEGm

(6)

where Γ0 is the average SNR received by the ideal antenna.
The mathematical expression in (6) is the generalization of
that for two antenna elements presented in [8].
EDG when defined as the SNR reduction for achieving a desired average BER value p [13] is expressed
mathematically by

EDG =

Γ0
ΓD

(7)
Pe (Γ D )= Pe ( Γ0 )= p

where <Pe>(ΓD) and <Pe>(Γ0) are the average BER, which
are functions of the average SNR of the diversity
CPCMEA and the ideal antenna respectively. In general,
<Pe>(Γ) is mathematically expressed by [16, p. 469]
∞

Pe (Γ ) = ∫ pe (γ ) p(γ , Γ )dγ
0

(8)

where pe(γ) is the conditional error probability (CEP) of
the adopted signaling scheme and p(γ,Γ) is the probability
density function (PDF) of the received SNR. For the MRC
scheme the PDF of the combined signal can be found in
[16, p. 364].

2.2 MIMO Performance Evaluation
The capacity of a MIMO system, comprising the same
number M of transmitting (Tx) and receiving (Rx) antennas, with no CSI at the transmitter and assuming that the
transmitted signals are Gaussian distributed with identity
covariance matrix and the received ones add coherently at
the receiver, is given by [17]

⎛ ⎛
P
⎞⎞
C = log 2 ⎜⎜ det⎜ I M + 2T ⋅ TT H ⎟ ⎟⎟
σ M
⎠⎠
⎝ ⎝

(9)

where det(·) and superscript H denote the determinant and
the Hermitian (complex conjugate transpose) of a matrix
respectively, PT is the total input power equally distributed
to each Tx antenna’s port, σ2 is the noise power, IM is the
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MxM identity matrix and T is the transfer matrix of the
system.
In order to estimate the transfer matrix T of a MIMO
system which consists of CPCMEAs at both ends, a modification of the model presented in [10] has been considered. In contrast to this model, however, the spatial
differences among the antenna elements are implicitly
incorporated in the vectors of the realized active electric
field patterns of the Tx and Rx CPCMEAs (ET and ER).
Assuming the narrowband transmission case, T is expressed by
L

Tnm = ∑ E R n (Ω Rl ) ⋅ H (Ω Tl , Ω Rl ) ⋅ ETm (Ω Tl )

(10)

the 5.2 GHz ISM band [3]. The 3D realized active power
gain and phase antenna patterns were computed using the
commercial method of moments based EM field solver
IE3D [19], assuming source impedances equal to the
characteristic impedance of the feeding transmission lines
(50 Ω).

4. Simulation Results
In this section the Rx diversity and MIMO performance of the configurations presented in Fig. 1 are evaluated
in a uniform and in a single bounce propagation scenario
respectively.

l =1

where n and m denote the nth Rx and mth Tx antenna ports,
L is the number of multipaths, ΩΤ and ΩR are the direction
of departure (DoD) and direction of arrival (DoA) respectively and H is a 2x2 matrix describing the θθ, θφ, φθ and
φφ channel’s complex gains

H(Ω Tl , Ω Rl ) =

1
4πd l

⎡ aθθl
⎢a
⎣ ϕθl

aθϕl ⎤
1
=
a
aϕϕl ⎥⎦ 4πd l l

(11)

where dl is the total multipath length assuming specular
scattering mechanisms and a represents the scattering coefficients matrix [10].

3. Compact Two and Four Printed IFA
Antenna Systems
The geometry and dimensions of the investigated
compact MEA structures are depicted in Fig. 1. The terminal has typical dimensions of a PC card, whereas the dimensions of the ground plane are 45 mm by 90 mm and
consists of two 35 μm thick copper layers with the antennas placed at the upper one and the ground plane at the
bottom.

Fig. 1. The layout of the investigated compact common phase
center MEA structures.

The antenna elements used are the Inverted F monopoles
[18] and were selected due to their compact size, large
bandwidth, omnidirectional radiation patterns, no additional fabrication cost and ease of tuning. The antenna
elements are printed at the edge of the device’s ground
plane on an 8 mils-thick substrate with εr=3.38 and
tanδ=0.002, terminated to 50-Ω ports and are well tuned to

4.1 Diversity Performance
In order to calculate the diversity performance of the
above described CPCMEA systems, the MEGs and ρ are
calculated assuming a uniform propagation environment
(X=1 and Pθ=Pφ=1/4π) which is a good approximation to
many real environments [4].
Initially, the EDG provided by the two CPCMEAs is
calculated in terms of the SNR enhancement at 1% outage
probability. The CDFs of γMRC for the 2- and the 4-port
antenna systems are depicted in Fig. 2. The CDF of the
Rayleigh distribution and the CDFs of the ideal γMRC using
2 and 4 equal power and uncorrelated signals [16] are also
added in Fig. 2 for comparison. The calculated EDG at 1%
outage probability under the MRC scheme are 7.8 (12) and
14.1 (19) dB for the two structures respectively, where the
values in the brackets are the EDGs of the ideal systems.

Fig. 2. The CDFs of relative SNR for the reference (Rayleigh),
the 2- and 4- IFA and the ideal 2- and 4- branch receive
diversity systems.

The EDG provided by the two CPCMEA systems is also
calculated in terms of the SNR reduction for achieving a
10-4 average BER. The DPSK signaling scheme is employed since it can be used to predict the BER for other
schemes with a fair degree of confidence [16, p. 469]. The
CEP of DPSK is given by the simple exponential expres-
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sion pe(γ) = exp(-γ)/2 [16, p. 469]. The calculated EDGs for
achieving 10-4 average BER under the MRC scheme are
14.8 and 23.5 dB for the two structures respectively as
extracted from Fig. 3.
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prised from the 2- and the 4-port antennas of Fig. 1 at the
Tx and Rx sides respectively. By selecting for every channel realization the Rx port pair that provides the highest
capacity (reconfigurable 2x2 MIMO system), the 1% outage capacity gain over the fixed 2x2 MIMO system comprised from the 2-element system of Fig. 1 is 3.6 bps/Hz as
extracted from Fig. 4 (i.e. a 43% improvement).

Fig. 3. The average BER versus average SNR for the reference
(Rayleigh) and the 2- and 4- IFA receive diversity
systems.

4.2 MIMO Performance
By placing two identical MEAs at both ends of
a communication link a MIMO system can be formed. The
performance of the 2x2 and 4x4 MIMO systems formed in
this way is investigated in a hall environment with dimensions 20 m x 30 m x 3.5 m. DoD, DoA and dl are computed
assuming single bounce scattering mechanisms uniformly
distributed in the propagation environment with the constraint to reside in the far field region of the Tx and Rx
antenna arrays, the phase centers of which are located at
(10 m, 10 m, 1.5 m) and (10 m , 20 m, 1.5 m) respectively.
The matrix a in (11) is calculated assuming that the scattering coefficients are complex Gaussian random variables
with zero mean and unit variance [11].
In order to evaluate the capacity of the investigated
MIMO systems, the transfer matrix T is realized 6000
times assuming L = 21 multipath components [9]. The
same PT/σ2 is used for all systems, which is selected so that
the 1% outage capacity of a SISO system consisting of two
vertical dipoles with unit radiation efficiency to be
3.5 bps/Hz. The capacity CDFs for the 2x2 and 4x4 MIMO
systems are illustrated in Fig. 4. The 1% outage capacity
gains of the investigated MIMO systems over the SISO
reference are 5 and 13.5 bps/Hz respectively.
An alternative way to form a MxM MIMO system is
by incorporating N>M antennas at the Rx side and selecting from them at each time the optimum M antenna subset
using selection algorithms [14]. The reconfigurable MxM
MIMO system formed in this way exhibits higher data
rates than the corresponding fixed one [14]. In order to
illustrate this, consider for instance a MIMO system com

Fig. 4. CDF of the capacity for the fixed 2x2, 4x4, 4x2 and the
reconfigurable 2x2 MIMO systems.

5. Conclusions
Diversity and MIMO performance of compact
CPCMEA was evaluated in terms of EDG and C using two
practical modeling procedures. The calculated EDG under
the MRC scheme at 1% outage probability of a two and a
four printed IFA structures is 7.8 and 14.1 dB respectively.
On the other hand, the calculated EDG for achieving 10-4
average BER is 14.8 and 23.5 dB for the two CPCMEAs
respectively. The 1% outage C for the fixed 2x2, 4x4, 4x2
and the reconfigurable (under the concept of receive antenna selection) 2x2 MIMO systems are 8.5, 17, 13.5 and
12.1 bps/Hz respectively. The capacity benefits offered by
using reconfigurable MIMO systems comes at the expense
of a more involved switching circuit, but this overhead is
far less than the cost and complexity of additional analog
RF chains which, moreover, are difficult to integrate on the
restricted space of the user equipment.
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